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We perform numerical modeling of a gold nanorod bound to the surface of a microtoroid-based biosensor.
Localized surface plasmon resonances in the nanorod give rise to strong enhancements in the electric field
when excited near resonance, increasing the frequency shift for a single bovine serum albumin molecule by
a factor of 870, with even larger enhancements predicted for smaller proteins. On resonance, the frequency
shift is predicted to be on the order of MHz, more than an order of magnitude larger than measurement noise
arising from time-averaged frequency and thermal fluctuations.
Whispering gallery mode (WGM) resonators such as
silica (SiO2) microspheres
1 and microtoroids2 have un-
precedented sensitivity as biological sensors3–6 due to
their small optical mode volume and ultra-high quality
factor (Q > 108) in water. The interaction between the
resonator’s evanescent field and its environment shifts the
resonance frequency of the optical mode, such that when
a molecule binds to the resonator surface it induces a
shift given by4
δωm
ω
' −αm|E0(~rm)|
2
2V |E0,max|2 (1)
where αm and ~rm are the polarizability and position of
the molecule, E0(~r) is the WGM electric field and V is the
optical mode volume of the resonator. For typical WGM
resonators and proteins, Eq. (1) predicts single molecule
optical frequency shifts in the Hz to kHz range. As an
example, a bovine serum albumin (BSA; αm = 54800
A˚3)7 protein bound to a microtoroidal resonator with
V = 760 µm3 produces a frequency shift of δωm = 5 kHz.
Presently, however, measurement noise arising primarily
from thermal fluctuations within the resonator and fluc-
tuations in laser frequency often limits the minimum de-
tectable frequency shift to above 5 kHz6,8, precluding the
observation of single molecule binding events.
Recently, it was shown experimentally that a local-
ized surface plasmon resonance (LSPR) in a large metal-
lic nanoshell can enhance single nanoparticle optical fre-
quency shifts in a microsphere resonator by a factor of
four9. The enhancement was predicted to be as much as
200 for BSA. A similar effect was shown in Ref.10. In
this letter we predict that a gold (Au) nanorod with a
length-to-diameter aspect ratio of R = 4 can enhance the
frequency shift of a single BSA molecule by as much as
870, with even larger enhancements possible for proteins
smaller than BSA. We compare the enhanced frequency
shift for BSA with that of a bare microtoroid resonator,
and show that the enhancement can allow single molecule
detection below the limits set by thermal and laser fre-
quency fluctuations.
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We present theoretical modeling of the LSPR gener-
ated in Au nanorods using a Boundary Element Method
(BEM) as described in Refs.11–13. The model consists
of a single Au nanorod bound to the equator of a mi-
crotoroid so that it experiences the maximum possible
resonator evanescent field E0(~r) (Fig. 1 (a)), and orien-
tated such that its longitudinal axis is aligned with the
polarization of the WGM. The nanorods’ dimensions (di-
ameter of 10 nm, 2 ≤ R ≤ 4) are small in comparison
with the incident wavelength λ, so the evanescent field
may be modeled as a plane wave of unit amplitude, ne-
glecting the small evanescent decay across the nanorod.
The background medium is water (with relative permit-
tivity b = 1.77), and the experimental dielectric function
for Au was taken from Johnson and Christy14. First let
us consider a bare nanorod without any target molecules
present. We will then consider the case when a single
BSA molecule (white circle in Fig. 1 (b)) binds to the
tip of the nanorod and shifts the frequency of the micro-
toroid WGM.
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FIG. 1. (a) An SEM image of a 70 µm microtoroid, and a side
view of an equatorialy bound Au nanorod interacting with a
target molecule (shown in blue). (b) Electric field intensity
|Enr(~r)|2/|E0(~r)|2 around a 10 nm × 40 nm nanorod.
In Fig. 1 (b) we show the electric field intensity around
a nanorod with R = 4 that is excited close to resonance
(λ = 803 nm). The strong fields at each tip result from
the curvature of the nanorod’s hemispherical caps, with
enhancements relative to the incident intensity in excess
of 103. The enhancement has two important effects on
the WGM: (1) the resonantly enhanced polarizability of
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FIG. 2. (a) Absorption cross-sections of nanorods with diam-
eter = 10nm and varying aspect ratio R. (b) WGM Q factor
in the presence of nanorod absorption. Q0=10
7, V = 760
µm3 and f2(~rs) = 0.3.
the nanorod scatters light back in the microtoroid, re-
sulting in doublet WGMs split in frequency, and (2) ab-
sorption from the nanorod will reduce the Q factor of
the resonator. Fig. 2 (a) shows the absorption cross-
sections σ(R) for nanorods with increasing R (in order of
increasing λ) calculated using the BEM. To account for
the enhanced absorption near resonance, we consider an
additional cavity loss rate Γ which reduces the optical Q
factor of the resonator from Q0 to Q = (Q
−1
0 + Γ/ω)
−1.
Absorption dominates over scattering in the near-field15,
so the loss rate can be determined by Iincσ = ~ωΓ,
where Iinc = ~ωcf2(~rs)/V is the intensity incident on
the nanorod16, c is the speed of light and f(~rs) is the
spatial variation of E0(~r) in the optical mode
17. The Q
factor is then
Q =
(
Q−10 +
σ(R)λ
2piV
f2(~rs)
)−1
(2)
The reduced WGM Q factors are shown in Fig. 2 (b) for
Q0 = 10
7, V = 760 µm3 and f2(~rs) = 0.3 at the equator.
Now we can consider the enhancement in δω due
to a BSA molecule binding to the microtoroid-bound
nanorod. We model the BSA molecule as a dielectric
sphere with a radius of 3 nm and m = 2.78
18 that
is bound to the tip of the nanorod. Because the field
strength decays very rapidly near the tips (with a char-
acteristic length on the order of nanometers), the field is
inhomogeneous over the BSA molecule. For this reason
rather than using a dipole approximation as in Eq. (1),
the frequency shift is found by numerically integrating
the field intensity associated with polarizing the BSA
molecule9. The enhancement in δω is the ratio of the
polarization energies with and without the nanorod
ξ(R) =
∫
E∗nr(~r) · Em(~r) d~r∫
E∗0 (~r) · E0,m(~r) d~r
(3)
where Enr(~r) is the field emerging from the nanorod,
Em(~r) is the induced field in the BSA molecule and E0(~r)
is a plane wave which represents the WGM field prior to
the enhancement. We consider the frequency shift due to
a first-order pertubation, and therefore take the integra-
tion over the volume of the BSA molecule only19. Fig. 3
(a) shows the calculated enhancement for a nanorod with
R = 4. The shape is an asymmetric Lorentzian, on ac-
count of the plasmonic loss being non-uniform over the
wavelength band. The enhancement is very broad, with
a peak value of roughly 870 on resonance (λ = 803 nm),
and decreases linearly with decreasing R (Fig. 3 (b)). In
the inset of Fig. 3 (a), we show the electric field intensity
inside the BSA molecule. As a result of the inhomogene-
ity in Enr(~r) near the nanorod tip, the field penetrates
into the molecule very weakly, amounting to a smaller
enhancement through the numerator of Eq. (3). How-
ever, BSA is a relatively large protein7, and in principle
much larger enhancements could be achieved for smaller
proteins.
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FIG. 3. (a) Frequency shift enhancement for a BSA molecule
due to a nanorod with R = 4. Inset shows a non-
uniform intensity distribution |Em(~r)|2/|E0(~r)|2 within the
BSA molecule. (b) Maximum enhancement as a function of
aspect ratio R.
We can now estimate the frequency shift δωBSA ex-
pected for a single BSA molecule. We consider a mea-
surement of δω with some fraction due to the binding
event δωBSA and the rest due to noise from fluctuations in
the laser frequency δω∆Ω and thermal fluctuations within
the resonator δω∆T :
δω = δωBSA + δω∆Ω + δω∆T (4)
Using Eqs. (1) and (3), the enhanced BSA frequency
shift δωBSA = ξ(R) × δωm, where δωm is the frequency
shift due to BSA prior to the enhancement. For a stan-
dard microtoroid resonator with V = 760 µm3, δωm is
about 5 kHz. For the remaining terms in Eq. (4), we
take δω∆Ω to be fluctuations on the order of a tunable
diode laser’s linewidth (δω∆Ω = 100 kHz
20) and δω∆T
to be thermorefractive fluctuations in a standard micro-
toroid resonator. The thermal frequency shift is given by
δω∆T /ω = n
−1 dn
dT ∆T , where for SiO2 n = 1.45 is the
refractive index, dndT = 1.45× 10−5 K−1 is the thermore-
fractive coefficient and ∆T is the temperature fluctuation
over an averaging time τ . By following the analytical
work of Gorodetsky and Grudinin21 and numerically cal-
culating the power spectral density of thermorefractive
3noise in a microtoroid, we found that ∆T = 0.6± 0.1 µK
for τ = 1 ms (see supplemental material22). However,
since temperature fluctuations scale with the effective
mode volume, ∆T ∝ V −1eff =
∫ |E(~r)|4 d~r, we also calcu-
lated the spectrum including the field from the nanorod
Enr(~r). For the enhancements reported in this letter,
the nanorod’s contribution to thermorefractive noise was
negligible.
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FIG. 4. Predicted BSA frequency shift for a bare resonator
(crosses), nanorod-enhanced resonator (circles), and typical
noise contributions from frequency noise (dotted) and thermal
noise (dash dotted). V = 760 µm3
In Fig. 4 we show the predicted BSA frequency shift
for a microtoroid with V = 760 µm3. The circles with
a Lorentzian fit are the enhanced frequency shift due to
a nanorod with R = 4, and the crosses denote the shift
for a bare microtoroid resonator without the plasmonic
enhancement (ξ = 1). On resonance the enhanced fre-
quency shift is predicted to be about 4 MHz, well above
the noise contributions. By contrast, the bare frequency
shift δωm is well below the detection limit set by fluc-
tuations in laser frequency (dashed), in agreement with
another report8. Furthermore, the thermal noise (dash
dotted) is on the order of δωm, suggesting that without
the enhancement themorefractive noise could preclude
single molecule detection for measurements with τ ≤ 1
ms, even when interferometric methods are employed to
cancel δω∆Ω
5,8.
In summary, we have performed theoretical calulations
of the LSPR excited in Au nanorods bound to a micro-
toroidal resonator. The frequency shift enhancement is
likely to put single molecule detection within reach. We
calculate a maximum resonant enhancement of ξ = 870
for BSA binding to a nanorod with R = 4, which corre-
sponds to a frequency shift on the order of 4 MHz in a
microtoroid.
This research was funded by the Australian Research
Council Grant No. DP0987146.
1M. Cai, O. Painter, and K. J. Vahala, Phys. Rev. Lett. 85, 74
(2000)
2S. S. D. Armani, T. Kippenberg and K. Vahala, Nature 421, 925
(2003)
3A. M. Armani and K. J. Vahala, Opt. Lett. 31, 1896 (2006)
4S. Arnold, M. Khoshsima, I. Teraoka, S. Holler, and F. Vollmer,
Opt. Lett. 28, 272 (2003)
5J. Knittel, T. G. McRae, K. H. Lee, and W. P. Bowen, Applied
Physics Letters 97, 123704 (2010)
6A. M. Armani, R. P. Kulkarni, S. E. Fraser, R. C. Flagan, and
K. J. Vahala, Science 317, 783 (2007),
7F. Vollmer, B.I.F. Futura 20, 239 (2005)
8T. Lu, H. Lee, T. Cheni, S. Herchaki, J. Kim, and K. Vahala, in
Frontiers in Optics, OSA Technical Digest (2010) p. PDPB5
9S. I. Shopova, R. Rajmangal, S. Holler, and S. Arnold, Applied
Physics Letters 98, 243104 (2011)
10M. A. Santiago-Cordoba, S. V. Boriskina, F. Vollmer, and M. C.
Demirel, Applied Physics Letters 99, 073701 (2011)
11M. Grzelczak, J. Prez-Juste, F. J. Garca de Abajo, and L. M. Liz-
Marzn, The Journal of Physical Chemistry C 111, 6183 (2007),
12F. J. Garcia de Abajo and A. Howie, Phys. Rev. Lett. 80, 5180
(1998)
13F. J. Garcia de Abajo and A. Howie, Phys. Rev. B 65, 115418
(2002)
14P. B. Johnson and R. W. Christy, Phys. Rev. B 6, 4370 (1972)
15U. Kreibig and M. Vollmer, Optical properties of metal clusters
(Springer, Berlin, Germany, 1995)
16A. Mazzei, S. Go¨tzinger, L. de S. Menezes, G. Zumofen, O. Ben-
son, and V. Sandoghdar, Phys. Rev. Lett. 99, 173603 (2007)
17J. Zhu, S. K. Ozdemir, Y. Xiao, L. Lin, L. He, D. Chen, and
L. Yang, Nature Photonics 4 (2010)
18Using the polarizability for BSA from Ref. [7] and a radius of 3
nm, we use the standard formula for polarizability (see J. Jack-
son, Classical Electrodynamics (Wiley, New York, 1999)) to ob-
tain a relative permittivity of 2.78 for BSA
19I. Teraoka and S. Arnold, J. Opt. Soc. Am. B 23, 1381 (2006)
20L. D. Turner, K. P. Weber, C. J. Hawthorn, and R. E. Scholten,
Optics Communications 201, 391 (2002)
21M. L. Gorodetsky and I. S. Grudinin, J. Opt. Soc. Am. B 21,
697 (2004)
22See supplementary material at [URL will be inserted by AIP]
